A B S T R A C T Right ventricular performance was studied relative to right coronary artery flow in the chloralose-anesthetized, open chest dog. The right coronary artery was cannulated for measurement and control of flow and pressure. Under control conditions, right coronary artery occlusion caused no change in cardiac output, or right and left ventricular pressures, although right ventricular contractile force fell markedly. With right coronary artery flow intact, incremental pulmonary artery obstruction caused a corresponding decline in cardiac output and elevation of right ventricular end-diastolic pressure with eventual total right ventricular failure and systemic shock. With right coronary artery occlusion, identical degrees of pulmonary artery obstruction resulted in more pronounced changes in cardiac output and right ventricular end-diastolic pressure with right ventricular failure occurring at a much lower level of right ventricular stress.
A B S T R A C T Right ventricular performance was studied relative to right coronary artery flow in the chloralose-anesthetized, open chest dog. The right coronary artery was cannulated for measurement and control of flow and pressure. Under control conditions, right coronary artery occlusion caused no change in cardiac output, or right and left ventricular pressures, although right ventricular contractile force fell markedly. With right coronary artery flow intact, incremental pulmonary artery obstruction caused a corresponding decline in cardiac output and elevation of right ventricular end-diastolic pressure with eventual total right ventricular failure and systemic shock. With right coronary artery occlusion, identical degrees of pulmonary artery obstruction resulted in more pronounced changes in cardiac output and right ventricular end-diastolic pressure with right ventricular failure occurring at a much lower level of right ventricular stress.
However, with right coronary artery flow intact, the right ventricular decompensation induced by pulmonary artery obstruction, could be reversed by raising right coronary artery perfusion to levels above normal, thus increasing right ventricular performance and restoring cardiac output. We conclude that right ventricular failure and resultant systemic hypotension due to severe pulmonary artery obstruction can be reversed simply by right coronary artery hyperperfusion, and that, although a normally contractile right ventricular free wall is not essential to maintain cardiac performance at rest, during right ventricular systolic stress, over-all cardiac performance becomes increasingly dependent on the right ventricle. The data further imply that increased myocardial impingement on right coronary artery flow dur-
INTRODUCTION
Fineberg and Wiggers (1) postulated that "circulatory failure following obstruction of the pulmonary circuit had no other cause than fatigue of the right ventricle." However, the mechanism of this fatigue has yet to be clearly defined. This takes on added significance relative to the clinical problem of massive pulmonary embolization with acute obstruction to right ventricular outflow. Early studies in which the right ventricle was rendered nonfunctional by coagulation (2) (3) (4) (8) . The primary purpose of the strain gauge arch data was to assess contractile changes occurring in the right ventricular free wall and produced by right coronary artery occlusion only in the resting state. No attempt was made to interpret their data during subsequent pulmonary obstruction because of the obvious marked right ventricular dilatation and consequent, inevitable changes in anchoring sutures. Balloon catheters were positioned fluoroscopically in the proximal segments of the right and left pulmonary arteries. The series of experiments comprised the following two groups.
Group 1 (five dogs). In these studies, the right coronary artery was isolated and dissected free of epicardial fat at its point of origin from the aorta. A silk snare was placed around the artery with special care being taken to place it proximal to the ventricular branches but distal to the sinus node branch. In many animals this was a critical step in the procedure due to very high origins of the sinus node and conus branches. In most of these animals, significant and persistent atrial ectopic arrhythmias, sinus bradycardia, or atrioventricular conduction disturbances occurred during the dissection and necessitated discarding these animals from the study. Thus, in none of the 10 animals reported in whom a successful study was carried out was there a perceptible alteration in the control heart rate caused by occlusion of the artery. The right ventricle was subjected to graded degrees of systolic stress by partial inflation of two balloons in the proximal right and left pulmonary arteries. In this manner, increments in right ventricular systolic pressure of 10 ±2 mm Hg were imposed to a point where acute right ventricular failure occurred characterized by progressively rising right ventricular end-diastolic pressure, a falling cardiac output, and marked systemic hypotension. Right and left ventricular pressures, right ventricular contractile force, and aortic flow were measured with unmodified right coronary artery flow and during temporary total occlusion of the right coronary artery.
Group 2 (five dogs). The model employed in this group
of experiments is shown diagrammatically in Fig. 1 . The right coronary artery was directly cannulated by means of a specially designed metal cannula which was passed from the right carotid artery through the ascending aorta into the right coronary ostium, where it was tied in place with a proximal suture. The cannula was perfused from a peripheral artery. Flow through the system was measured by an extracorporeal flow transducer,2 and perfusion pressure was 'Walton-Brodie type, from John Warren, Department of Pharmacology, University of South Carolina, Charleston, S. C. ventricle (Fig. 3) . Delivery of flow to the left ventricle was decreased as evidenced by a drop in left ventricular end-diastolic pressure as well as aortic flow and pressure. Concomitant with these changes, there was visible dilatation of the ,right ventricle.
In Fig. 4 , the results from the experiment illustrated in Fig. 3 are presented graphically, showing the entire range of systolic pressures from control to that just before total decompensation. In the presence of intact right coronary flow (solid lines), incremental increases in pulmonary arterial obstruction caused an increase in right ventricular systolic and end-diastolic pressures. Simultaneously, aortic flow and pressure and left ventricular end-diastolic pressure fell. The changes continued sequentially until right ventricular systolic pressure was between 60 and 80 mm Hg beyond which total right ventricular failure and systemic shock occurred. With the right coronary artery occluded (broken lines), total decompensation occurred at much lower right ventricular systolic pressures despite an absence of change at normal right ventricular pressures. These relationships are tabulated and presented with levels of statistical significance in Table I . It can be seen that, with the right ventricle moderately overloaded (right ventricular systolic pressures 26-40 mm Hg), occlusion of the right coronary artery resulted in statistically significant lowering of only aortic flow and peak right ventricular pressure, while above this level, significant changes occurred in all parameters.
Group 2. In the resting state, normal right coronary arterial flow ranged from 12 to 17 ml/min in these five dogs. Perfusion of the right coronary artery at higher than normal pressures, without a high systolic load imposed on the right ventricle, caused no change in peak right ventricular pressure, end-diastolic pressure, left ventricular pressure, or aortic flow.
The initial protocol was the same as for group 1. Right ventricular systolic pressure was gradually increased in increments of 10 ±2 mm Hg, and similar alterations in right and left ventricular pressures and aortic pressure and flow resulted, indicating no alteration in performance due to the cannulation itself. In addition.
right coronary arterial flow rose concomitantly with increasing right ventricular systolic stress. That these intrinsic levels of coronary flow were the maximum obtainable by autoregulation was suggested by the fact that at higher loads there was no further response to large doses (40 ug) of intracoronary nitroglycerine. Critical levels of severe pulmonary obstruction were thus attained where a slight further increase led to progressive right ventricular decompensation.
In Fig. 5 , the continuous recording from a representative experiment is shown. The beginning of the record represents a stable state under maximal systolic stress and critical levels of pulmonary obstruction in this preparation. Here, right coronary flow has reached maximal levels at 38 ml/min, right ventricular systolic pressure is 77 mm Hg, and mean aortic and right coronary perfusion pressures are slightly lowered presumably due to reduced delivery of blood to the left heart. An attempt to increase pulmonary obstruction slightly at this point results in the onset of total right ventricular decompensation and severe systemic hypotension with a consequent fall in right coronary artery flow azpd perfusion pressures to near zero levels. At this time (arrow, Fig. 5 ), without any adjustment in pulmonary artery obstruction, the coronary perfusion pump is turned on, which restores coronary flow to a rate such that right coronary perfusion pressure and flow are higher than the level just before decompensation. With this intervention, right ventricular pressures return to maximal stress levels, followed in 15-20 sec by a reversal of right ventricular decompensation and a restoration of systemic blood pressure. A transient episode of hypertension in both ventricles occurs subsequently, followed by a stable state with right ventricular and aortic pressures at the levels just before decompensation.
The onset of right ventricular failure and consequent cardiac decompensation reached by incremental pulmonary obstruction was a definite end point, easily recognized once it had begun. On the other hand, it was never possible to predict in a given experiment the exact critical point of stress beyond which decompensation would occur and thus with certainty to prove whether prophylactic coronary perfusion before failure could be preventative. Indeed, the experimental design was the converse: that is, to reach the threshold of peak systolic stress and right ventricular failure in small increments extreme right ventricular hypertension, it appears that the maximal coronary vasodilating capability is not quite equal to the peak function capacity of the myocardium so that blood flow to the ventricular free wall is the primary factor which first limits response to further systolic stress. These data help to elucidate the sequence of events leading to right heart failure after acute pulmonary obstruction, termed "muscle fatigue" by Fineberg and Wiggers (1) . The point at which right ventricular decompensation occurs may be altered by several factors which together place higher demands on the free wall on the myocardium and augment oxygen demand and a need for higher blood flow. These include higher systolic and end-diastolic pressures, and right ventricular enlargement with greater tension development for a given pressure.
Concomitant with these increased demands for oxygen, other factors place limitations on right coronary arterial blood supply. First, systemic hypotension occurs due to a decreased return of blood to the left ventricle and decreased cardiac output. At critical levels of diminished coronary perfusion pressure. beyond the point of maximum coronary autoregulatory capabilities, coronary flow diminishes rapidly as systemic arterial pressure falls.
This circumstance is in contrast with comparable pathologic events involving the left ventricle, such as acute malignant, systemic hypertension in which the increased demands for coronary flow are accompanied by increased coronary perfusion pressures. A second factor which may lead to right heart failure under these conditions is impingement of the myocardium upon coronary flow during systole. The phasic coronary flow recordings observed in these experiments showed that in the right coronary artery during the normally low resting intraventricular pressures, systolic flow was approximately equal to diastolic flow. This is in contrast with the phasic distribution of coronary flow in the left coronary artery where flow is primarily diastolic. These findings are similar to the right coronary inflow studies of Gregg (10) , who also showed in other studies (11) that systolic contraction of the myocardium impedes coronary flow, particularly in the left ventricle where intraventricular systolic pressures are high. Moreover, distribution of flow to different layers of the myocardium may be altered by acute changes in intraventricular pressures (12) (13) (14) . Whether these same phenomena may contribute to precipitation of failure of the right ventricle during acute hypertensive states, such as massive pulmonary embolism, remains to be proven by other methods. However, the observed re- (16) . Indeed, the vena cavae may be connected directly to the pulmonary artery to bypass totally the right ventricle. They showed that venous pressures of 12 cm saline were adequate to maintain flow through the pulmonary artery without the contraction of the right ventricle. In these present studies, however, with normal right ventricles and relatively low end-diastolic pressures after right coronary artery occlusion, the factor of venous return alone could not adequately explain maintenance of right heart function. There are abundant anastomoses between some branches of the right and left coronary arteries (14) . These, as well as a direct absorption of nutrients from right ventricular blood, might help maintain some element of free wall function at a normal afterload. However, during conditions of right ventricular systolic overload, the data demonstrate that a contractile right ventricular free wall becomes increasingly important in the maintenance of cardiovascular performance.
In relating these experimental data to any comparable clinical setting, it should be pointed out that the canine right coronary artery differs considerably from that of total myocardial flow, in contrast with approximately half the total flow in man (17) . The fact remains that in both species the right coronary artery is the primary source of blood supply to the right ventricular free wall, and it is this portion of the myocardium which is under greatest pressure stress during acute pulmonary obstruction. The present results may therefore have important clinical implications when considering the management of massive pulmonary embolism in its early stages with acute right heart failure and systemic shock. Restoration of an adequate perfusion pressure for the right coronary artery appears to be a prime prerequisite in increasing contractility of the right ventricle so as to restore cardiac output. While direct manipulation of right coronary artery flow may not be feasible in the clinical setting, the immediate institution of measures to increase right coronary artery perfusion pressure as suggested by the studies of Salisbury (6) and Berman, Spotnitz, and Epstein (7) may be specifically helpful. Thus systemic pressor agents such as norepinephrine or methoxamine appear to be the measure of first choice. In contrast, the use of a beta adrenergic agonist such as isoproterenol, which reduces peripheral arterial resistance, may be detrimental by further decreasing right coronary perfusion pressure and at the same time increasing right ventricular oxygen demands.
